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1. Motivation
In the past few years photovoltaics (PV) has developed from an expensive,
curious product, only used for space applications, to an important power
generating technology. Though contributing yet only a tiny fraction of the
total global power-generating capacity, PV is the fastest growing power-
generation technology worldwide.
Nowadays, PV technology is commonly used and PV systems are imple-
mented in various ways, from stand-alone systems for calculators, remote
buildings or spacecraft, to large grid-connected systems feeding power into
the public electricity grid or building-integrated systems where PV elements
are incorporated into the construction of new buildings.
Grid connected solar power generators vary in size up to several MWp where
active areas of over 1000 m2 are quite common. Beside the desired eﬀect
of harvesting energy from the sun, the large areas covered with electronic
devices may generate and absorb electric signals. Although a photovoltaic
power generator in principle is a DC current source, it can be said that the
AC behaviour of these systems is existent but has not been fully investigated
yet. The rapid growth of installed photovoltaic systems therefore could
become an additional source of electromagnetic distortion accounting to
the total RF pollution of our environment.
The aim of this thesis is the investigation of the AC parameters of a monocrys-
talline silicon solar cell in the low frequency range in order to be able to
estimate the magnitude of electromagnetic noise transmitted to the power
conditioning units.
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2.1. The Solar Source
The extraterrestrial spectrum of solar irradiance can be approximated by
that of a black body with a temperature of 5760 K. The maximum of the
emitted electromagnetic spectrum is in the range of 400− 700 nm which is
visible light. By the earth`s atmosphere the solar spectrum is attenuated
and changed in shape due to absorption and scattering. Dependent on the
angle of the sun`s elevation the light has to pass an atmospheric layer of
varying thickness. The Air Mass factor (AM) deﬁnes the attenuation of
solar irradiation by the earths atmosphere. By deﬁnition AM 1 is the Air
Mass at sea level when the sun is at the zenith, while the region beyond the
earth's atmosphere, where there is no atmospheric attenuation is considered
to have AM 0. However, the standard test condition for solar cells and
modules speciﬁes a temperature of 25 ◦C with an irradiance of 1000 Wm−2
at an AM 1.5 spectrum (illustrated in Figure 2.1 on page 4). [19]
2.2. Photovoltaic Power Generation
Photovoltaic (PV) is the direct conversion of solar irradiation into electrical
power and is based on the inner photovoltaic eﬀect. After the photovoltaic
eﬀect was discovered in 1839 by Becquerel it remained a laboratory curiosity
for a long time. It was not possible to produce silicon solar cells that give
usefull quantity of power until production technologies for manufacturing
high quality silicon wafers for microelectronics were developed.
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Figure 2.1.: AM 1.5 gives the solar radiation for a sun elevation angle γ of
41, 81 ◦
First applications of solar cells were in the 1950s and 1960s for power supply
in space, while the high production costs could not be aﬀorded for terrestrial
use. During the last 20 years PV production expanded a lot, which caused a
reduction of production costs and made the technology competitive, mainly
in regions where conventional energy supply is diﬃcult to realise. Though
production costs have already decreased signiﬁcantly and are expected to
keep falling during the next years, they are still a limiting factor for PV
technology applications nowadays.
The great majority of solar cells are based on semiconductors, mainly on
silicon. A single solar cell generates a DC voltage of 0.5− 1 V which is to
small for most applications, therefore the cells are connected together in
series to obtain the desired voltage. These strings are then connected in
parallel to provide the required dimension of current source capability and
are encapsulated in modules. A PV system usually consists of several PV
modules connected to an array. For most applications it is necessary to
convert the DC output of the PV system to AC in order to feed electric
power into an existing electricity grid. In this work crystalline silicon (c-Si)
based solar cells were investigated, therefore the following explanations focus
4
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on silicon technology, other technologies are mentioned but not discussed in
detail.
2.3. Solar Cell Material
A suitable substrate material for solar cell technology should have light
absorbing properties for wavelengths of solar light that reach the earth`s
surface. There also exist solar cells which are optimised for application in
space. The material also needs to provide some charge separating mecha-
nism which is usually realised with a pn-junction. To conduct the separated
charges to an external circuit a substrate material of good conductivity is
needed. These requirements on material properties make semiconductors
particularly suitable for solar cell technology.
Mainly due to the advanced technology in microelectronics which leads to
low production costs and high availability of the raw material, silicon in
various forms is by far the mostly used substrate material for solar cells.
To achieve the maximum possible eﬃciency, a band gap of optimal size is
desirable, which is not fulﬁlled optimally by silicon . Also silicon is an indi-
rect semiconductor which means that additionally to the suﬃcient photon
energy a change in momentum has to occur to cause the creation of an
electron-hole pair, which is generated by a lattice vibration (phonon) of the
correct momentum. The involvement of two particles makes the probabil-
ity of light absorption much lower than in direct semiconductors where no
change of momentum is necessary. Hence, a relatively large thickness of
material is needed to compensate the low absorption rate.
Although the element silicon is very common, creating a purity useful for
photovoltaic cells, so called solar grade silicon, is expensive.
In large part the total production cost of a PV module is due to the costs
of processing silicon wafers. The processing of high purity silicon from the
natural resource, mainly SiO2, is a very energy consuming process, since
reduction of the oxide and reﬁning the silicon material to obtain the quality
for semiconductor technology require high temperatures.
5
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To get single crystal material from semiconductor grade polycrystalline sil-
icon several crystal growth techniques are applied. For solar cell material
mostly the Czochralsky process is used. Intrinsic silicon is a perfect crystal
containing a negligible amount of initial impurities. In order to increase the
number of charge carriers in the intrinsic material deﬁnite amounts of im-
purities are added. This process is called doping and is explained in detail
in subsection 2.3.1.
Polycrystalline silicon consists of many small silicon crystals, the visible
grains are separated by the grain boundaries. Depending on the grain size
polycrystalline silicon having grain sizes larger than the thickness of the de-
vice can be distinguished from microcrystalline (or nanocrystalline) silicon
with grain sizes smaller than the thickness of the device [3, p. 23-33].
Besides crystalline silicon solar cells there is an other important class of
solar cells, summarised under the term thin-ﬁlm solar cells. Silicon thin
ﬁlm solar cells are made of microcrystalline or amorphous silicon deposited
on a substrate material like low quality silicon, glass or ceramics. Also
compound semiconductors like Cadmium-Telluride (CdTe), Indium Phos-
phide, Cadmium-Telluride (CdTe), Copper-Indium-Selenide (CIS) are used
for thin ﬁlm cells. For further information on thin ﬁlm technology see for
example [11, p. 211-251] or [3, p. 59-70].
2.3.1. Doping
In semiconductor production, doping is the process of introducing impurities
into an intrinsic semiconductor to change its electrical properties. For solar
cell production doping elements are added to the molten intrinsic polysilicon
in order to achieve a (positive)- or n (negative)-type doping of the silicon
wafer. Doping elements that have less valence electrons than silicon are
called acceptors, those having more valence electrons are called donors. For
Group IV elements such as silicon, the most common dopands are accep-
tors from Group III, like boron, or donors from Group V, like phosphorus.
The donors and acceptors occupy a lattice point usually occupied by silicon.
The extra electron of the donor is loosely bound to the Group V element
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and can be excited into the conduction band with a smaller energy than a
valence electron of a silicon atom. A similar principle is valid for the addi-
tionally introduced holes of the acceptors. The concentration of dopands is
given by the acceptor concentration NA and the donor concentration ND.
It is common in solar cell technology to use p-type silicon for the wafer
production because carrier collection is more eﬃcient in p-type than in an
n-type layer of the same doping density and thickness. This can be ex-
plained by the fact that fundamental impurities in silicon are of acceptor
type and therefore an initial p-type doping already exists in the intrinsic
material. [11, p. 185-186] The p-type silicon substrate has a permittivity of
 = 0r = 11.68 · 0 and typically a resistivity of 1 Ωcm, which corresponds
to approximately 1 · 1016cm−3 ionized acceptors at room temperature. To
obtain the pn-junction needed for charge separation an n-type layer is pro-
duced subsequently by thermal diﬀusion of phosphorus on the surface of the
wafer.
2.4. Working Principle of a Solar Cell
When light strikes a solar cell's surface, photons of suﬃcient energy are
absorbed by a semiconducting material and can excite electrons that are
then separated from the holes by the electrostatic force of the pn junction
which leads to a current ﬂow through an external load. Hence, solar energy
is directly converted into electrical energy.
In order to excite the electrons into the conduction band of the semicon-
ductor, the energy diﬀerence between the top of the valence band to the
bottom of the conduction band, also referred to as band gap energy Eg, has
to correspond to the electromagnetic spectrum of the irradiated light. The
relations between the physical properties photon energy Eγ, frequency of
light f and wavelength λ are given by
Eγ = hf =
h c
λ
(2.1)
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Figure 2.2.: Illustration of solar cells construction
where c is the speed of light in vacuum. Only photons with Eγ > Eg
can excite electrons into the conduction band which then deliver electrical
energy. The additional photon energy Eγ − Eg does not contribute to the
extractable energy but is transferred to the lattice in the form of thermal
vibrations. Hence, the eﬃciency of power conversion is a function of the
incident solar spectrum and the band gap of the material.
The electrical front contact of the cell is generally constructed as a grid
pattern and is composed of a good conductor, usually metal. The grid
pattern does not cover the entire surface of the cell since grid materials
are generally not transparent to light. Hence, the grid pattern must be
dimensioned in a way that allows light to enter the solar cell but nevertheless
collect the current produced by the cell. In order to optimise the eﬃciency
of solar cells many types and designs of contacting have been developed,
but the most widely spread design is the H-pattern which is illustrated in
Figure 2.2 on page 8.
The back electrical contact layer has no such restriction. Therefore the back
side of the semiconductor is usually fully covered by a metallic layer with
high conductivity like aluminum. It can also have reﬂecting properties to
reﬂect light that penetrates to the back of the cell.
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The surface of the semiconductor is coated with an anti-reﬂection layer in
order to reduce losses due to reﬂection and appears dark blue or black.
Solar cells require protection from the environment and are usually covered
by a glass sheet. The schematic construction of a silicon solar cell with a
common pn-junction is illustrated in Figure 2.2 on page 8. For details see
for example [11] or [3].
2.5. The pn-Junction
The pn-junction is the most commonly used structure for charge separa-
tion in solar cells and is formed when a p-type semiconductor and a n-type
semiconductor are brought together in direct contact. When these layers
are brought together a diﬀusion of mobile charge carriers due to the concen-
tration gradient introduced by the doping process occurs. Hence, ionized
ﬁxed impurity atoms are left back, eﬀecting the establishment of an elec-
trostatic ﬁeld which causes charged regions within the pn-junction. The
regions where the impurity atoms are assumed to be completely ionized is
called space charge region (in the following referred to as SCR). Due to the
electrostatic ﬁeld charge carriers are driven through the junction opposing
further diﬀusion. When the drift current and diﬀusion current equal each
other, the junction is in thermal equilibrium.
In thermal equilibrium the intrinsic carrier concentration ni is given by:
n0p0 = n
2
i = NcNve
− Eg
kBT ∝ e−
Eg
kBT (2.2)
ni represents the concentration of electrons excited into the conduction band
of the semiconductor, while n0 and p0 represent the electron and hole con-
centrations in the material, Nc and Nv are material constants.
The p-type wafer which forms the base of the solar cell, is relatively thick
to absorb as much light as possible and lightly doped to avoid recombina-
tion and improve diﬀusion length while the n-type side of the wafer, created
by subsequent carrier diﬀusion, is heavily n-doped (n+). In the p-region
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the concentration of acceptors NA is about 10
16 cm−3, while the donor con-
centration ND in the n-region is about 10
20 cm−3. Since the probability of
recombination is high in the heavily doped n-type layer, it is convenient to
make it as thin as possible.
The built-in voltage Ubi of the junction in thermal equilibrium is related to
the doping levels ND and NA of the substrate and is given by:
Ubi =
kBT
q
ln
(
NDNA
n2i
)
(2.3)
The thickness of a subsequently diﬀused n-type layer and therefore the
depth of the pn-junction is dependent on the surface concentration of the
introduced impurities, the temperature and the the diﬀusion process time.
These parameters are experimentally well controllable. The concentration
of introduced donors decreases exponentially near the interface between p-
and n-type layer, therefore the SCR does not end abruptly. In order to keep
mathematical considerations on the pn-junction analytically tractable some
approximations on the doping proﬁle can be made.
If the behaviour of the exponential decrease within the SCR can be ap-
proximated lineary, the doping proﬁle of the SCR is referred to as lineary
graded. If the slope of the linear ﬁt is suﬃciently high, the doping proﬁle
can even be approximated by a step function, hence the concentration of
dopand elements is assumed to change abruptly. The doping proﬁle of shal-
low diﬀused pn-junctions with ND  NA is assumed to be abrupt whereas
for deep diﬀused pn-junctions the proﬁle would be linearly graded. This
assumption is referred to as the depletion approximation and is commonly
used [10, 9, 11, 15, 7]. A schematic illustration of the doping proﬁles in
silicon solar cells and the discussed approximations are given in Figure 2.3
on page 11.
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(a)
(b) (c)
Figure 2.3.: Schematic illustrations of the doping proﬁle approximations in
a silicon solar cell:
a) Displays the superposition of donor and acceptor concentra-
tions in the cross section of a silicon solar cell. The red line
shows the concentration of acceptors while the donor concen-
tration is given by the green line. The depletion layer width is
illustrated by the dashed lines.
b) Approximation of a lineary graded doping proﬁle, the quan-
tity of n-type dopands in the SCR is marked red while the
quantity of p-type dopands is marked green.
c) Approximation of an abrupt doping proﬁle, it is evident that
the SCR extends mainly into the p-type region while the n-type
region is narrow.
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2.5.1. The pn-Junction Under Bias
When a semiconductor is illuminated by light of suitable wavelength or an
external electrical bias is applied, electrons are excited from the valence
band into the conduction band, thus it is disturbed from equilibrium.
If an external electrical bias is applied to the pn-junction in the dark, there
results a net current. For forward bias (U > 0) the built in voltage is
reduced and a net current due to carrier diﬀusion can develop. Reverse
bias (U < 0) is applied when the external voltage has the same polarity as
the built in voltage, increasing the potential barrier between p- and n-layer.
Thus, there is no signiﬁcant current ﬂow. However there is a small current
ﬂow in a reversely biased pn-junction caused by diﬀusion of minority carriers
from the neutral regions to the SCR. This reverse saturation current Is is
almost independent of the voltage and can be considered constant.
The dependence of the dark current on the applied bias is the sum of the
currents resulting both from the SCR as well as from the neutral regions
which are both non-linear and can be expressed by the Shockley diode
equation:
Idark = Is (e
qU
mkBT − 1) (2.4)
The ideality of the diode is given by the diode factor m, for an ideal diode
m = 1. In a real diode recombination processes within the SCR take place.
Recombination is the loss of an electron or hole through the decay to a lower
energy states, releasing a photon (radiative recombination), heat through
phonon emission (non-radiative recombination) or kinetic energy to another
free carrier (Auger recombination) [11, p. 81-83].
The exponential dependence of the dark current on voltage is caused by car-
rier diﬀusion across the pn-junction and by recombination processes within
the space charge region. If one of this mechanisms is dominant the pn-
junction can be modeled by one diode with the appropriate diode factor.
The diode factore is given as m = 1 for diﬀusion currents and m = 2 for
recombination currents. With increasing bias voltage the diﬀusion current
exceeds the recombination current and becomes the dominant mechanism.
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For crystalline silicon at room temperature and U . 0.4 V the dark current
is governed by recombination processes, thus m = 2. Thus equation (2.4)
can be written as:
Idark = Is (e
U
2UT − 1) (2.5)
The factor kBT
q
= UT is referred to as thermal voltage which is approximately
26 mV at 300 K. For U  UT equation (2.4) can be written as:
Idark ≈ Is e
U
2UT (2.6)
For U < 0 the exponential factor in the diode equation is negligible, hence
the reverse current is a constant factor and equals −Is. At great reverse cur-
rents the reverse breakdown process takes place leading to a large increase
in reverse current which can damage the pn-junction. That behaviour can
not be modeled by the Shockley equation any more. During energy harvest-
ing photovoltaic cells are always operated in the forward voltage regime in
the range between 0< Ubias < Ubi.
When the solar cell is illuminated, due to the absorbed photons an addi-
tional photocurrent Iph is generated. The resulting overall current-voltage
response of the cell is given by:
I = Idark − Iph (2.7)
The power delivered by a solar cell is a product of current and voltage1:
P = IU (2.8)
At some point of the current voltage characteristics there exists an operating
point, the so called maximum power pointMPP , where the current-voltage
product is maximal, hence the delivered power reaches a maximum Pmax.
Therefore the load resistance of the solar cell should be adjusted so as to
meet this requirement.
1While I becomes negative for Iph > Idark the power output is deﬁned as positive. This
is a matter of sign convention and is discussed in the next chapter.
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The power conversion eﬃciency of a solar cell is given by:
η =
Pmax
Ps
(2.9)
where Ps is the incident power through solar irradiation.
For further details on the analysis of pn-junctions see for example [11, p.
145-176] or [9, p. 124-131].
2.6. Equivalent Circuit Model
In order to analyse the electronic behaviour of a crystalline silicon solar
cell it is convenient to create an equivalent circuit model based on discrete
electrical components. Due to the fact that solar cells produce a DC current,
they are considered as DC elements for most applications. There are several
DC models for solar cells which basically consist of a current generator
in parallel with a semiconductor diode representing the DC properties of
the solar cell. More detailed models use two diodes, to represent both
recombination and diﬀusion processes, or even three diodes to consider the
Schottky barriers of the contacts.
Due to external electromagnetic distortion or light ﬂuctuation AC signals
can be transmitted to the solar cell which lead to unwanted signal generation
in a wide frequency range. In order to predict the frequency response of a
solar cell, the DC equivalent circuit has to be expanded to an AC model
and the complex impedance of the system has to be determined. In this
work the open source integrated circuit simulator QUCS was used for circuit
simulations. [(author?) [14]]
2.6.1. DC Model
The DC equivalent circuit model of a solar cell basically consists of a current
source in parallel with a diode. As a ﬁrst approximation an ideal solar cell
can be considered as electrically equivalent to a current generator, intro-
14
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ducing the photocurrent Iph into the circuit, in parallel with a diode. This
approach is illustrated in Figure 2.4a on page 15.
In reality a solar cell does not behave like an ideal diode, for a more exact
description the Shockley diode equation (2.4) has to be extended with par-
asitic resistances. The series resistance Rs is caused by several eﬀects that
increase the overall resistance of the device such as the resistance of the cell
material itself, the resistance from the contacts and wiring.
The parallel resistance Rsh results mainly from loss currents around the
edges of the solar cell and junction inhomogenities due to manufacturing
defects. Ideally the series resistance should be as low, whereas the shunt re-
sistance should be as high as possible to obtain the maximal eﬃciency. Both
Rs and Rsh are assumed to be simple ohmic resistors therefore independent
of illumination levels and operating voltages.
The DC equivalent model with the one diode model is shown in ﬁg. Figure
2.4b on page 15.
I
ph
I
d
-
+
U
(a)
I
ph
C U
+
-
R
d
R
shunt
(b)
Figure 2.4.: Figure (a) shows the DC equivalent circuit model of an ideal
c-Si solar cell. In ﬁgure (b) the ideal circuit model is extended
by parasitic resistances.
Including parasitic resistors and using Kirchhoﬀ´s ﬁrst law, the current
through the device is given by:
I = Idark +
U − IRs
Rsh
− Iph (2.10)
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In literature sign convention is often such that the photocurrent Iph is pos-
itive, so that the current-voltage graph results in the positive quadrant of
the coordinate system in order to symbolise power output. In this work the
usual convention for electronic devices is retained, where I < 0.
Combining equation (2.10) with the diode equation (2.5) the characteristics
of the device can be written as:
I = Is (e
U−IRs
2UT − 1) + U − IRs
Rsh
− Iph (2.11)
Although the recombination process is predominant in the considered volt-
age range, the characteristics is still inﬂuenced by diﬀusion processes espe-
cially in the forward bias regime. For a more detailed DC model the diode
equation (2.4) can be extended by an additional diode representing the dif-
fusion process. Therefore a second diode with a diode factor n = 1 is added
in parallel to the equivalent circuit and instead of one saturation current Is
it is necessary to introduce two independent factors for the saturation cur-
rent. These are given by Id0 representing the saturation current for diﬀusion
(referred to as diﬀusion saturation current) while Ir0 gives the saturation
current for recombination (referred to as recombination saturation current).
Equation (2.11) than becomes:
I = Id + Ir +
U − IRs
Rsh
− Iph (2.12)
where the diﬀusion current Id is given by:
Id = Id0 (e
U−IRs
UT − 1) (2.13)
The second term of equation (2.12) represents the recombination current Ir:
Ir = Ir0 (e
U−IRs
2UT − 1) (2.14)
Dimension and temperature dependence of both diﬀusion saturation current
Id0 and recombination saturation current Ir0 is analysed in section Section
4.1.
The values of Ir,Id Rs, and Rsh are dependent upon the physical size of
16
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the solar cell. In order to make results from diﬀerent cells comparable, the
diode characteristics given by equation (2.11) can be written in terms of
current density:
j =
I
A
= jr + jd +
U − jrs
rsh
− jph (2.15)
The total area of the solar cell is given by A, values normalised to the unit
area are written in small letters.
For a crystalline silicon solar cell at room temperature the current-voltage
characteristic is governed by the recombination current for Ubias . 0.4 V,
therefore a one diode approximation is suﬃcient for most applications.
When the forward bias voltage exceeds 0.4 V the diﬀusion current begins
to dominate over the recombination current and the two diode approach is
necessary to model the solar cells behaviour.
2.6.2. AC Model
Just like the DC model the AC equivalent circuit basically consists of a
current generator that introduces the photocurrent Iph into the circuit. In
addition to the DC model the AC model is extended by a capacitor C in
parallel and an inductance Lgrid in series to the diodes. The capacitance
C is the sum of two capacitors connected in parallel, both caused by the
pn-junction. The junction capacitances will be discussed in more detail in
subsection 2.6.2.3. The inductance Lgrid arise from the metal ﬁnger grid of
the front contact and is considered to be voltage and frequency independent.
Another important AC parameter of the solar cell is its internal dynamic
resistance Rd determined by the non ideal diode characteristics given by
equation (2.11).
The external dynamic resistance RD is generally taken to be the slope
dU
dI
of
an current voltage-characteristics. In fact, RD is the resultant resistance of
Rsh in parallel to Rd and then in series with Rs. In this work Rd is referred
to as internal diode resistance. In a real diode Rd and RD can diﬀer a lot
[18].
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Figure 2.5.: AC circuit model of a c-Si solar cell
2.6.2.1. The Complex Impedance
When a device is driven by an AC current, the non ohmic components of the
AC equivalent circuit cause a complex impedance. The complex impedance
Z is composed of a real and an imaginary part:
Z = R + iX = |Z | eiϕ (2.16)
The real part R is given by the ohmic components of the circuit. The imag-
inary part of Z is called reactance X and is caused by capacitance and
inductance. The non ohmic components also cause a phase diﬀerence ϕ
between current and voltage. A capacitor has a purely reactive impedance
which is inversely proportional to the signal frequency. The capacitive re-
actance Xc is given by:
XC = − 1
ωC
(2.17)
where ω = 2pif is the angular frequency of the applied AC voltage. Thus the
impedance decreases with increasing capacitance and increasing frequency.
The inductive part of the impedance is given by XL:
XL = ωL (2.18)
18
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The overall reactance is given by:
X = XC +XL (2.19)
In contrast to the capacitance the inductance increases with frequency
and magnitude of the inductor. Both capacitance and inductance cause
a phase shift between AC current and AC voltage, the phase of the complex
impedance is given by:
ϕ = arctan
(
X
R
)
(2.20)
The amplitude of Z is given by:
|Z |=
√
R2 +X2 (2.21)
For R = 0 undamped resonance occurs when the inductive reactance and
the capacitive reactance are of equal magnitude:
|XC | = |XL| (2.22)
Hence,
ωLC =
1√
LC
(2.23)
fLC =
1
2pi
1√
LC
(2.24)
For a parallel connection of a capacitor an inductor and an ohmic resistor
with R 6= 0 the resonance frequency is given by
fLCR =
1
2pi
√
1
LC
− R
2
4L2
(2.25)
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Figure 2.6.: The diagram shows the concept of complex impedance Z. The
reactance is plotted on the imaginary axis while the the ohmic
resistance R can be found on the real axis.|Z| is the magni-
tude of the impedance and ϕ is the phase shift caused by the
capacitance and inductance.
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2.6.2.2. Low-pass Filter characteristics
For ﬁrst considerations the eﬀect of the current divider made up by Rd and
C can be observed. For suﬃciently low frequencies the inductive part of the
impedance Lgrid can be neglected. Electrically Rd and C form a low-pass
ﬁlter, illustrated in Figure 2.7a on page 23, with a cutoﬀ-frequency of:
fRC =
1
2pi
1
RdC
(2.26)
A low-pass ﬁlter lets signals with f < fRC pass through the circuit with
only little attenuation but reduces the amplitude of signals with frequencies
higher than the cutoﬀ-frequency fRC signiﬁcantly. The bandwidth of the
system is determined by the time constant:
τ = RdC (2.27)
The cutoﬀ-frequency fRC is deﬁned as the frequency where the input power
Pin is attenuated by the ﬁlter to its half :
Pout =
1
2
Pin (2.28)
This condition corresponds to a power gain of GP = −3 dB:
GP = 10 log10(
Pout
Pin
) = 10 log10(
1
2
) = −3 dB (2.29)
With
P =
U2
R
∝ U2 (2.30)
Equation (2.29) can be written in terms of voltage, thus yielding the voltage
attenuation through the low-pass ﬁlter:
GU = 10 log10(
U2out
U2in
) = 20 log10(
Uout
Uin
) = −3 dB (2.31)
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And:
Uout =
1√
2
Uin (2.32)
Considering equation (2.20) the phase shift between the input and output
signal of the RC device is limited to −pi
2
< ϕ < 0. The phase shift corre-
sponding to the cutoﬀ-frequency is given by:
| ϕ |= pi
4
(2.33)
The relation between applied current Iin and the current through the resistor
Iout is given by:
Iout =
1
1 + iωRC
Iin (2.34)
the relative amplitude and the phase shift ϕ between Iin and Iout are given
by:
| Iout
Iin
|= 1√
1 + ω2R2C2
(2.35)
arctanϕ = −ωRC = −2pifRC (2.36)
In Figure 2.7b on page 23 the relative amplitude attenuation and the phase
shift of an exemplary low pass ﬁlter, built up like illustrated in Figure 2.7a
on page 23, are plotted. The cutoﬀ frequency can be determined with
equation (2.32) or equation (2.33). Further information csn be found in [1,
p. 145-150].
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Figure 2.7.: Figure (a) shows the equivalent circuit model of a low-pass ﬁl-
ter with current source. The frequency response of the low-pass
ﬁlter given in ﬁgure (a) is shown in ﬁgure (b). Amplitude at-
tenuation and phase shift corresponding to the cutoﬀ-frequency
are marked with arrows.
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2.6.2.3. Junction Capacitance
The capacitance C of a photovoltaic cell arises from the pn-junction and
is the sum of two voltage dependent components. The contribution to ca-
pacitance from the SCR width is called depletion capacitance Cdepl and is
caused by a change of voltage across the pn-junction which requires a ﬂow
of charge giving rise to a capacitance. Additionally to the change of the
depletion layer width, a variation of the bias voltage also causes a change
in charge carrier densities on either side of the junction, resulting in an
additional capacitance. Hence, the diﬀusion capacitance Cdiff is due to the
diﬀusion of free carriers across the pn-junction under forward bias condi-
tions. [10, p. 124]
Cdepl can be described in analogy to a parallel plate capacitor. The capaci-
tance of a parallel plate capacitor is given by
C =
A
d
 (2.37)
where A is the area of the capacitor plates and d is the distance between
the conducting sheets. While a plate capacitor has conducting sheets with
a dielectric material between them, a pn-junction typically exhibits a SCR
with a continuum of charge distributed over a region of space.
To derive Cdepl, the separation distance d between the conducting sheets of
a parallel plate capacitor in equation (2.37) is replaced by the width of the
SCR wSCR [9, p. 128]:
wSCR =
√
2
q
(Ubi − U) ( 1
NA
+
1
ND
) (2.38)
with  = 0si with si = 11.86 being the relative permittivity of crystalline
silicon. For an abrupt pn-junction with ND  NA equation (2.38) simpliﬁes
to
wSCR ≈
√
2
q
(Ubi − U) ( 1
NA
)
and
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Cdepl = A
√
qNA
2 (Ubi − U) (2.39)
Cdepl varies with voltage but is frequency independent and dominates the
total capacitance in the reverse bias regime of the pn-junction.
2.6.2.4. Small-signal model
Small-signal modeling is a common analysis technique to approximate the
behaviour of nonlinear devices through linearisation of the current-voltage
equation around the DC bias point of the device.
Applying the small-signal method on the diode equation (2.4) it is possible
to obtain the diﬀusion capacitance Cdiff and the diﬀerential conductance
GAC of a forward-biased pn-junction. Since Figure 2.5 on page 18 is a
parallel connection of resistive elements, it is more convenient to use the
complex admittance Y = Z−1 for calculations.
When a small AC voltage UAC is superimposed on the DC bias voltage
UDC , a disruption from the operating point, given by the current through
the solar cell I and the applied bias voltage UDC , occurs. In order to get
analytical results, the diode characteristics has to be linearised around the
operating point. For a suﬃciently small disturbance, a linear approximation
can be applied and the small signal admittance of the equivalent circuit can
be determined. The magnitude of the small-signal is dependent on the
analysed characteristics and has to be experimentally adjusted.
Applying a small AC signal, the overall voltage is given by:
U(t) = UDC + UAC = UDC + Uˆ e
iωt (2.40)
where ω represents the angular frequency of the small AC signal. An al-
ternation in voltage causes a variation of the current, which is expected to
be:
I(t) = IDC + IAC = IDC + Iˆ e
i(ωt+ϕ) (2.41)
where ϕ represents the phase shift caused by the device. If no disruption is
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(a) (b)
Figure 2.8.: Comparison of the calculated parameters G0, GD and Rd, RD
applied, hence UAC = 0, the admittance is given by the real part G0 and can
be determined by diﬀerentiation of the DC characteristics once frequency
independence is assumed2:
G0 =
dIDC
dUDC
(2.42)
IDC is given by equation (2.4) or more exactly by equation (2.12). Consider-
ing an ideal diode the ideal diﬀerential conductance Gd = 0 for high negative
bias voltage values, whereas in a real diode the parasitic resistances cause
a deviation from the ideal behaviour and G0 remains ﬁnite. A comparison
between G0 and Gd and Rd and RD, calculated with the diode parameters
measured for a monocrystalline silicon solar cell, is shown in Figure 2.8 on
page 26.
The diﬀerential conductance of the junction is given by:
GAC =
dI(t)
dU(t)
(2.43)
For the bulk properties of the planar pn-junction GAC derived from small
signal measurements should equal the ﬁrst derivative of the diode charac-
2To ensure clarity, currents and voltages are additionally marked as DC or AC
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teristics given by equation (2.42). Hence:
G0 ≈ GAC (2.44)
therefore:
dIDC
dUDC
≈ dI(t)
dU(t)
(2.45)
Considering the diode equation (2.4) G0 is given by:
d
dUDC
[Is (e
UDC
UT − 1)] = IS q
kT
e
UDC
UT (2.46)
When a small AC voltage UAC is superimposed, the overall voltage is given
by the sum of UDC and UAC (see equation (2.40)):
and:
UDC → U(t) (2.47)
IS
q
kT
e
UDC
UT → IS q
kT
e
UAC+UDC
UT = IS
q
kT
e
UDC
UT · e
UAC
UT (2.48)
The series expansion of e
UAC
UT yields:
e
UAC
UT ≈ 1 + UAC
UT
+O(2) (2.49)
To fulﬁll equation (2.45) the signal amplitude of UAC is limited by U
−1
T =
q
kBT
.
For a more exact approximation equation (2.4) can be extended by the
parasitic resistances Rs and Rsh in the above calculations.
In general the admittance Y is composed of a real and an imaginary part
B, introduced by the applied AC voltage. The overall admittance is than
given by:
Y = G0 + iB (2.50)
The imaginary part B can be deduced from fundamental equations of semi-
conductor physics and determines the diﬀusion capacitance Cdiff . The re-
sulting analytical expression for the small signal admittance of a pn-junction
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with ND  NA is given by:
Y = G0
√
1 + iωτSCR (2.51)
where τSCR is the electron lifetime in the SCR and is considered as a material
constant. For ωτSCR  1 the admittance Y can be approximated by
Y ≈ G0 (1 + iωτSCR
2
) (2.52)
Equation (2.52) correspondents to a parallel connection of the conductance
G0 with the diﬀusion capacitance Cdiff given by:
Cdiff =
G0 τSCR
2
(2.53)
Cdiff dominates the overall capacitance in the forward bias regime. The
overall capacitance of a pn-junction is given by the sum of the depletion
and the diﬀusion capacitance:
C = Cdepl + Cdiff (2.54)
An illustration of equation (2.54) based on the capacitance measurement on
a monocrystalline silicon solar cell is given in Figure 2.9 on page 29.
In the above calculations the capacitance C is inﬂuenced by the parasitic
resistances Rs and Rsh. In order to calculate the internal capacitance of
the junction, it is necessary to insert the ideal diﬀerential conductance Gd
instead of G0 into equation (2.53). Therefore:
Cd = Cdepl +
Gd τSCR
2
C and Cd diﬀer for forward bias conditions especially for Ubias > 0.2 V. In
Chapter 5 the parameter Cd is used for simulations in order to get a more
exact result.
A detailed derivation of the small signal conductance of a pn-junction can
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Figure 2.9.: Capacitance of a monocrystalline silicon solar cell with an area
of 8.8 cm2. The contribution of cdepl to the overall capacitance is
shown by the red line while the blue line shows the contribution
of cdiff with τSCR set to 53µs. It is clearly evident that the
dependence on bias voltage in the forward bias range is much
stronger than in the revers bias sector. In this ﬁgure both values
cdepl and cdiff are normalised to the unit area.
be found in [9, p. 128-132], [10, 128-132] and [15, p. 123-127]
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3. Experimental Setup
In order to predict the frequency response of a solar cell, the transfer func-
tion or the equivalent circuit must be determined. Therefore three sets of
measurements were carried out to experimentally determine the transfer
function of the device under various conditions. Additionally, simulations
were made to determine the equivalent circuit that matches the experimen-
tal data. The simulations are explained in detail in chapter Chapter 5. The
experimental setup for the measurements basically consisted of a function
generator, a voltage supply, an infrared emitting diode, an infrared emit-
ting semiconductor laser, and the device under test (DUT). A heating pad
and a thermal element were installed to conduct the measurements at var-
ious temperatures and observe the temperature dependence of the transfer
function.
For two measurements a current controlled voltage source, realised as a DC
current source in parallel with a 1 kΩ resistor, was used as voltage supply
while for the measurement of the junction capacitance the bias voltage was
supplied by the function generator. In order to minimise the noise, transmit-
ted additionally to the signal of interest to the DUT, an isolation ampliﬁer
was used. The current signal was supplied to the input of the isolation
ampliﬁer and is than transferred galvanic ally isolated to the output.
The fully metalised backside of the investigated solar cell was put onto a
copper plate to provide electrical and thermal contact and placed in an
electrically and optically shielded compartment to reduce disruption from
the environment during the measurement process. Figure 3.1a on page 32
shows a picture of the whole experimental setup, while a picture of the
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(a) (b)
Figure 3.1.: Figure (a) shows the whole measurement setup while ﬁgure (b)
shows the construction for contacting the solar cell in the inside
of the compartment
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inside of the compartment where the DUT is placed, is given in Figure 3.1b
on page 32.
The instruments were connected via GPIB interface to a PC and remotely
controlled by the National Instruments software LabWindows CVI. Pro-
grams were designed to automatically conduct the measurement processes.
To derive the impedance of the DUT four types of measurements with dif-
ferent experimental setups were made which are explained in detail, after a
short characterisation of the used instruments, in the following sections.
3.1. Instruments
3.1.1. Oscilloscope
For data acquisition an Agilent DSO3102A digital oscilloscope was used.
The instrument has a bandwidth of 100 MHz, a vertical sensitivity of 2 mV/div
to 5 V/div, a horizontal sensitivity of 2 ns/div to 50 s/div. Time-domain signal
measurements can be recorded on two channels with each having a real time
sampling rate of 500 MSa/s. The bandwidth of the measurement signal does
not exceed 1 MHz, therefore the sampling rate provided by the oscilloscope is
quite suﬃcient to reconstruct the sampled signal. The frequency response
of a photovoltaic cell will basically have a low pass characteristics which
limits the sampling rate during data acquisition. 1[(author?) [17]]
1The NyquistShannon theorem states that perfect reconstruction of a signal is possible
when the sampling frequency is greater than twice the maximum frequency of the
measured signal
fsampling > 2 · fsignal (3.1)
If lower sampling rates are used, the original signal may not be completely recoverable
from the sampled signal. Therefore the highest recoverable signal sampled with a rate
of 500MSa/s can be determined using equation (3.1):
fsignal < 250MHz
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3.1.2. Function Generator
The function generator was used to produce a sinusoidal signal which was
than superimposed on a DC current. The used instrument was a HP 3314A
Function / Arbitrary Waveform Generator. The frequency range for sinu-
soidal waves ranges from 1 mHz to 19.99 MHz with an amplitude range of
0.01 mV to 10 V peak-to-peak. The maximum harmonic distortion is given
with =55 dBc. Additionally a DC oﬀset to ±5 V can be added to any AC
signal. The signal output of the instrument requires a BNC connector with
a 50 Ω feed-through termination. [(author?) [13]]
3.1.3. Current Source
Owing to a lack of a suitable voltage source, the DC bias voltage for mea-
surements was provided by a Keithley 224 Programmable Current Source,
in parallel with a 1 kΩ resistor. The adjustable current of the instru-
ment ranges from 10µA to 100 mA. For the conducted measurements the
mA range was used which has a step size of 500 nA and an accuracy of
0.05 % ± 1µA [(author?) [5]].
The DC bias voltage for the small signal measurements was provided directly
by the function generator.
3.2. Measurements
3.2.1. Current-Voltage Measurement
The simulation and design calculation of a solar cell requires an accurate
knowledge of the parameters that describe the characteristic equation (2.12).
These parameters are the diﬀusion saturation current Id0, the recombination
saturation current Ir0 and the parasitic resistances Rs and Rsh and can be
determined from the measured current-voltage characteristics according to
equation (2.12).
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Therefore current-voltage measurements were taken in the dark in a tem-
perature range between 295 K and 315 K. The bias voltage was ranged from
−0.5 V to 0.4 V.
Equation (2.11) as well as equation (2.12) are non-linear and implicit equa-
tions, which makes an analytical solution not practicable.2
In this work the data pairs were ﬁtted using a two diode model and applying
a least square ﬁt to ﬁnd the diode parameters and parasitic resistances. An
illustration of the measurement setup for the current voltage measurement
can be found in Figure 3.2 on page 35.
Figure 3.2.: Experimental setup for the measurement of the current-voltage
characteristics
3.2.2. Small Signal Determination of the Junction
Impedance
The junction capacitance C can be obtained together with the diﬀerential
conductance GAC of the DUT from small signal measurements with varying
DC bias voltages in the dark. At a constant frequency f a small sinusoidal
2Nevertheless there exist analytical methods to solve or approximate the diode equation
with parasitic resistances, based on the Lambert-W function [4, 12].
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signal UAC is superimposed on a constant bias voltage UDC . The oﬀset
and amplitudes of both current and voltage and the phase diﬀerence ϕ
are determined with an oscilloscope. The real and imaginary part of the
impedance can be calculated from the amplitudes and ϕ. As long as the
frequency of the AC signal is small, meaning f  fLC the the reactance
Lgridw , arising from the front contacting and wiring, can be neglected for
data evaluation.
The frequency of the introduced AC signal UAC was set to 4.6 kHz, the
signal amplitude was 0.0627 V peak to peak. The bias voltage of the DUT
ranged from −1.6 to 0.5 V. The experimental setup for the measurement is
shown in Figure 3.3 on page 36.
Figure 3.3.: Setup for measurement of a solar cells capacitance
3.2.3. Signal Response Measurement
A sinusoidal light excitation in the frequency range between 5 Hz and 500 kHz
was applied to the DUT. Therefore the current through a light source was
sinusoidally intensity modulated with varying frequency. The light source
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was a high power, fast switching infra red emitting LED with a peak inten-
sity at 870 nm. The emitted intensity of the LED varied almost linearly with
the diode current. The bias voltage of the DUT ranged from −1.6 to 0.5 V.
The external part of the circuit was given by a voltage source in series with
an inductance free 10W or 1 Ω resistor which served as current shunt. This
resistor was used to pick up the response signal of the solar cell caused by
the light modulation.
The signals were recorded together with the DC current with the oscillo-
scope and analysed by applying a Fourier-transformation in order to eval-
uate amplitude and phase of the signals. The signal response of the DUT
was compared to the LED current. The amplitude and phase diﬀerence of
the ﬁrst harmonic is used to derive the low-pass ﬁlter characteristics of the
photovoltaic device.
Figure 3.4.: Experimental setup for the signal response measurement
3.2.4. Pulsed Light Measurement
The reaction of a solar cell to short light pulses introduced by an infrared
laser was investigated.
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The light pulses were introduced by a 10 W infrared emitting laser, trans-
mitted with an optical ﬁbre and directed onto a part of the solar cell. The
remaining area was completely shadowed. The laser emits light with a wave-
length of 870 nm and has a half-width pulse length of approximately 100 ns.
The shunt resistance Rshunt was 1 Ω.
The light pulse generates a current pulse in the photovoltaic device which
decreases exponentially with a time constant t = RdC. Beside the decay
a damped oscillation due to the resonant circuit of the junction inductance
Lgrid and C is present. The laser impulse and the response signal of the
solar cell are monitored by the oscilloscope. By computing the resonance
frequency fLC of the response signal it is possible to derive the inductance
of the device.
Figure 3.5.: Experimental setup for the pulsed light measurement
3.3. Sample
In this work a monocrystalline silicon solar cell of type SC14GO-12 produced
by Solartec (Czech Republic), with dimensions of 51.45× 17.1 mm, yielding
a surface area of 8.8 cm2, was investigated. The front contact is realised as
grid pattern, the back of the cell is entirely metalised.
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The speciﬁed open circuit voltage is about 0.6 V, the short circuit current
0.23A and its power under standard conditions is 101 mW[16].
The transparent anti reﬂection coating, which due to interference appears
green under standard illumination, does not inﬂuence the investigated pa-
rameters and solely serves design purposes.
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4.1. Evaluation of the Current-Voltage
Measurements
Current-voltage measurements for bias voltages in the range of −0.5 V to
0.4 V and in a temperature range between 295 K and 315 K were performed
in the dark . A least square ﬁt, based on the two diode model, was applied to
the measured data pairs in order to evaluate the diode parameters according
to equation (2.12).
The evaluated parasitic resistances Rs = 1.192 Ω and Rsh = 4381 Ω were as-
sumed to be temperature and voltage independent, while the recombination
saturation current Ir0 and the diﬀusion saturation current Id0 are strongly
temperature dependent and cause an observable shift of the current voltage
characteristics with temperature.
Both recombination saturation current Ir0 and diﬀusion saturation current
Id0 show an exponential dependence on temperature. As the recombination
saturation current Ir0 is several orders of magnitude larger than the diﬀu-
sion current Id0, the current-voltage characteristics of the sample is mostly
inﬂuenced by the recombination term of the characteristic equation (2.12) in
the applied measurement range. For bias voltage values higher than 0.4 V,
the diﬀusion current starts to dominate the overall characteristics due to its
strong exponential increase.
When the logarithm of Id0 is plotted against the temperature coeﬃcient
1/kT , it can be seen that the exponential dependence on temperature is
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Figure 4.1.: Recombination and diﬀusion saturation current of the
monocrystalline sample measured in the dark.
fulﬁlled suﬃciently well. With the parameters of the linear ﬁt the diﬀusion
capacitance Cdiff of the DUT can be calculated for diﬀerent temperatures.
The calculations are shown in detail in section Section 4.2.
By inserting the evaluated diode parameters Id0, Ir0, Rs and Rsh in equation
(2.12) the current-voltage characteristics can be calculated. Measured and
calculated dark-current densities for diﬀerent temperatures are plotted in
Figure 4.3 on page 44. According to equation (2.42) the diﬀerential conduc-
tance G0 can be determined by diﬀerentiating the the static current-voltage
characteristics of the pn-junction. An analytic expression for G0 can be
found by calculating the derivative of equation (2.12), which is, as discussed
earlier, an implicit equation and therefore not conveniently diﬀerentiable.
One way to avoid the problems of diﬀerentiating an implicit function is to
neglect the series resistance Rs which is done in section Section 4.2.
The external dynamic resistance RD is given by:
R−1D =
dIDC
dUDC
= G0 (4.1)
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Figure 4.2.: Logarithm of Id0 plotted against the temperature coeﬃcient
1/kT . The solid red line shows the linear ﬁt of the data.
Hence,
RD =
1
G0
(4.2)
while the internal dynamic resistance Rd which is a parameter of the AC
equivalent circuit model Figure 2.5 on page 18 cannot be directly measured
but has to be calculated by deriving the diode equation (2.12) neglecting
the parasitic resistances Rs and Rsh.
R−1d = Gd =
d
dUDC
[Id0 (e
UDC
UT − 1) + Ir0 (e
UDC
2UT − 1)] (4.3)
where Gd is the diode conductance. Figure 2.8b on page 26 shows a compar-
ison between the calculated internal diode resistance Rd and the measured
external diode resistance RD.
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Figure 4.3.: Current densities at diﬀerent temperatures measured at the
monocrystalline sample in the dark. The solid lines show the
results of the least square ﬁt to the two diode model.
4.2. Evaluation of the Junction Capacitance
The junction capacitance C can be obtained together with the diﬀerential
conductance G0 by small signal measurement in the dark. Therefore a
small AC signal with constant frequency is superimposed on a DC signal.
By analysing the oﬀset and amplitude of both current and voltage and
the phase diﬀerence ϕ, the impedance of the junction can be evaluated.
Assuming that the grid inductance is negligible at the applied frequency,
the junction capacitance can be calculated from the impedance according
to equation (2.24). The measurement setup is shown in Figure 3.3 on page
36.
Due to the strong non-linearity of the current voltage characteristics, the
accuracy of the small-signal measurement depends on the AC signal am-
plitude. According to equation (2.44) the conductance dIDC
dUDC
derived from
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Figure 4.4.: Conductance as a function of bias voltage, measured at 317 K.
The small signal amplitude was set to 62 mV peak-to-peak.
static current-voltage measurements should equal the small signal conduc-
tance GAC . Figure 4.4 on page 45 shows a comparison between
dIDC
dUDC
and the
small signal conductance GAC . It can be seen that the requirement given
by equation (2.44) is fulﬁlled, therefore suﬃcient measurement accuracy is
provided.
As shown in subsection 2.6.2.3 the overall capacitance C of a monocrys-
talline silicon solar cell is the sum of two voltage dependent components,
the depletion capacitance Cdepl, dominating the overall capacitance in the
reverse bias regime, and the diﬀusion capacitance Cdiff which is predom-
inant when forward bias is applied. From the measurement of the overall
capacitance C it is possible to derive the depletion capacitance Cdepl by
analysing the reverse bias regime of the curve.
According to equation (2.39) it is possible to obtain the built in voltage Ubi
and the acceptor concentration in the base NA of the pn-junction from the
depletion capacitance Cdepl. Therefore it is necessary to plot
1
C2depl
against
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the reverse bias voltage. From the resulting linear dependence NA and Ubi
can be calculated from the parameters of a linear ﬁt (see Figure 4.5 on page
47):
1
c2depl
= − 2
qNA
U +
2Ubi
qNA
(4.4)
The linear ﬁt is based on the straight line equation:
y(x) = k · x+ d (4.5)
with
k = − 2
qNA
(4.6)
and
d =
2Ubi
qNA
(4.7)
Therefore NA is given by:
NA = − 2
qk
(4.8)
and Ubi than is given by:
Ubi =
qNA
2
d (4.9)
hence:
Ubi = −d
k
(4.10)
According to equation (2.39) a temperature dependence of the depletion
capacitance could only result from the dielectric constant  or the accep-
tor concentration NA. Above a temperature 70 K the donor and acceptor
atoms in silicon are already fully ionised, thereforeNA exhibits no signiﬁcant
temperature dependence in the measured temperature range. Also the  is
considered to be constant in the observed temperature range. Therefore the
depletion capacitance Cdepl is assumed to be independent on temperature
while the diﬀusion capacitance Cdiff exhibits an exponential temperature
dependence.
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Figure 4.5.: Doping concentration of the substrate and built in voltage. The
solid red line shows the linear ﬁt.
Cdiff can be calculated from the static conductance G0 and can be cal-
culated by diﬀerentiating the two diode characteristics given by equation
(2.12) without illumination.
G0 ≈ d
dU
[Id0 (e
U
UT −1)+Ir0 (e
U
2UT −1)+ U
Rsh
] = Id0
1
UT
e
U
UT +Ir0
1
2UT
e
U
2UT +Gsh
(4.11)
Gsh is the parallel conductance given by
Gsh =
1
Rsh
(4.12)
In this calculation the series resistance Rs is neglected in order to avoid
obtaining an implicit equation that is not diﬀerentiable in a simple way any
more.
As it was shown in the previous section the diﬀusion current Id0 exhibits
an exponential dependence on temperature and can be determined by the
parameters of the linear ﬁt shown in Figure 4.2 on page 43. Hence:
ln(Id0) = k · x+ d (4.13)
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Where k and d are the parameters of the linear ﬁt, therefore:
Id0 = e
k
kBT · ed (4.14)
Inserting equation(4.14) into equation(2.45) and applying equation (2.53)
yields:
Cdiff =
G0 τSCR
2
=
τSCR
2
· e kkBT · ed · q
kT
e
qU
kBT + Gsh (4.15)
τSCR has to be found by adjustion of the calculated graph to the measure-
ment results. By setting τSCR = 53µs a good agreement between measure-
ment data and calculation is found. Results are shown in Figure 4.6 on page
48.
Figure 4.6.: The symbols show experimentally derived capacities at 300 K
and at 317 K, the solid lines show the calculated depletion ca-
pacitance cdepl (green) and the calculated diﬀusion capacities
cdiff (blue). For the calculation of cdiff τSCR is set to 53µs.
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4.3. Evaluation of the Junction Inductance
The grid inductance Lgrid is caused by the electrical front contact which
is realised as a metal ﬁnger grid structure and external wiring. Lgrid can
be calculated from the resonance frequency of the DUT. The experimental
setup for the measurement of the resonance frequency is shown in Figure
3.5 on page 38. The reaction of the solar cell to a short light excitation
introduced by infrared emitting laser is analysed.
The time resolved signal, shown in Figure 4.7 on page 50, exhibits a damped
oscillation and can be split in an exponential decay with a time constant t =
RdC and an oscillation with the frequency fLC . With C already determined,
as described in the previous section, using equation (2.27) and equation
(2.24), Rd and Lgrid can be derived. In order to ﬁnd the parameters of the
damped oscillation it is necessary to apply a least square ﬁt. The equation
of a damped oscillation is given by:
x(t) = x0 · sin(2pifLCt+ φ0) · e− tτ + const. (4.16)
where x0 is the amplitude, t is the time, φ0 is the initial phase which deter-
mines the starting point on the sine wave and const. is a constant additional
factor representing an oﬀset of the function from the origin. The least square
ﬁt was carried out with the computational software program Mathemetica
6.0 [(author?) [8]]. From the resonance frequency fLC the inductance Lgrid
of the DUT can be calculated:
fLC =
1
2pi
1√
LgridC
(4.17)
Hence,
Lgrid =
1
(2pifLC)2C
(4.18)
The dependence of t and fLC as a function of the applied bias voltage is
compared with the voltage dependence of the junction capacitance derived
from small-signal measurements (illustrated in Figure 4.8 on page 51). A
qualitative comparison suggests, that as assumed, Lgrid exhibits no strong
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voltage dependence whereas Rd is clearly voltage dependent, especially in
the positiv bias voltage regime.
With the evaluated parameters it is possible to calculate the resonance
frequency fLCR of the DUT using 2.25. A comparison of the measurement
data and calculation is shown in 4.9.
Figure 4.7.: Time resolved current signal, measured at Ubias = 0 V , the
current shunt Rshunt was 1 Ω. The red line shows the result of
the ﬁt to a damped oscillation.
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(a)
(b)
Figure 4.8.: Figure (a) shows a comparison of the resonance frequency fLC
and exponential decay time τ of the damped oscillation. Figure
(b) shows a comparison between τ and C derived from small
signal measurements.
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Figure 4.9.: Experimentally derived and calculated resonance frequency of
the LC oscillator of the solar cell. The inductance is assumed
to be voltage independent.
4.4. Evaluation of the Signal Response
Measurement
The experimental setup for the signal response measurement is given in
Figure 3.4 on page 37. The AC signal at the shunt resistor Rshunt was
analysed with respect to amplitude and phase of the ﬁrst harmonic. As
derived in subsection 2.6.2.2 a monocrystalline silicon solar cell is expected
to exhibit a low pass characteristics determined by the junction capacitance
C and the dynamic resistance Rd. Figure 4.10 on page 54 shows the relative
amplitude attenuation and phase shift for three bias voltage values.
The cutoﬀ-frequency fRC derived from the amplitude attenuation shows a
linear decrease with increasing bias voltage and varies from 40− 95 kHz in
the applied measurement range (illustrated in Figure 4.12 on page 55). The
low pass characteristics of the device is also inﬂuenced signiﬁcantly by the
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external conductance given by Rshunt, external wiring and the internal resis-
tance of the voltage source. Figure 4.13 on page 56 shows the experimentally
derived cutoﬀ-frequencies measured at Rshunt = 1 Ω and Rshunt = 10 Ω to-
gether with calculation results based on equation (2.26) extended by Rshunt.
Equation (2.26) than yields:
fRC =
1
RtotC
(4.19)
The total resistance of the DUT Rtot is given by:
Rtot =
RDRshunt
RD +Rshunt
(4.20)
where RD is the external diode resistance. The total resistance Rtot is
also inﬂuenced by additional inﬂuences like the internal resistance of the
voltage source. An additional series resistance has a greater eﬀect on the
measurement result when a small shunt resistance is used. In ﬁgure Figure
4.13 on page 56 the calculation for Rshunt = 1 Ohm is corrected by an
additional series resistance Ri = 2.8 Ω. It can also be seen that the cutoﬀ
frequency is signiﬁcantly lower for higher external impedance.
The resonance frequency fLC of the examined sample is in the range of
70− 110 kHz, while the measurement frequency goes up to 500 kHz, there-
fore the grid inductance is not negligible on the whole frequency range and
a deviation from the ideal low pass ﬁlter characteristics is observable. Par-
ticularly notable is that the phase shift exceeds pi
2
, the limit of the phase
shift in a simple low pass ﬁlter and the amplitude exhibits a small reso-
nance maximum, indicating the existence of an inductance. Also the cutoﬀ
frequency fRC derived from the amplitude attenuation, according to equa-
tion (2.32), and from the phase shift, according to equation (2.33), do not
correspond but show a signiﬁcant shift ∆fRC , illustrated in Figure 4.11 on
page 55.
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(a)
(b)
Figure 4.10.: Figure (a) shows resulting signal amplitudes for three bias volt-
age values while the corresponding phase shifts are shown in
ﬁgure (b).
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Figure 4.11.: Experimentally derived amplitude and phase shift for Ubias =
0.2 V. The cutoﬀ frequency is indicated by the horizontal ar-
rows.
Figure 4.12.: The measured cutoﬀ frequency fRC decreases lineary with bias
voltage. fRC was determined from the amplitude atenuation.
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Figure 4.13.: Measured cutoﬀ frequency for two diﬀerent shunt resistances
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In order to be able to predict the frequency response of a device under
variable conditions it is necessary to determine its equivalent circuit. In
this work the equivalent circuit of monocrystalline silicon solar cells was
determined through simulation.
Based on fundamental theory, which is outlined in chapter Chapter 2, an
equivalent circuit model was created with the open source integrated circuit
simulator QUCS. Using the parameters C, Rs, Rsh, Rd and Lgrid determined
by the previous measurements and calculations, simulations were done and
compared to the measurement results. Figure 5.1a on page 59 shows the
equivalent circuit model with the used parameters.
Figure 4.10 on page 54 shows the simulation result together with the ex-
perimentally derived relative amplitude and phase shift for Ubias = 0.2 V
measured at Rshunt = 10 Ω. Also the simulation shows a shift in the cutoﬀ-
frequency ∆fRC as observed for the signal response measurement. As to
understand this shift, simulations were made for the same equivalent cir-
cuit neglecting Lgrid and compared to the simulations from the complete
equivalent circuit model. The results are shown in Figure 5.2 on page 60. It
can be seen that adding Lgrid causes a shift of both the relative amplitude
and the phase shift. fRC derived from the relative amplitude is shifted to
higher frequencies, while calculating fRC from the phase shift yields a lower
frequency value.
A comparison between measured and simulated cutoﬀ-frequency at 300 K
with Rshunt = 10 Ω is shown in Figure 5.3 on page 61. For reverse bias
voltage a small deviation beween simulation and calculation is observed.
Assuming the existence of an additional series resistance which can be in-
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terpreted as the internal resistance of the voltage source, the deviation be-
tween simulation and measurement results can be corrected. The additional
resistance is voltage independent and set Ri = 1.82 Ω. The strong decrease
of the simulated cutoﬀ frequency for forward bias conditions can not be cor-
rected by simple rescaling. The strong deviation from measurement data
indicates the existance of an additional complex impedance in the circuit.
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Figure 5.1.: Figure (a) shows the equivalent circuit model used for the sim-
ulations, designed with QUCS. In ﬁgure (b) relative amplitude
(red) and phase shift (black) from measurement (dots) and sim-
ulation (line) are compared for Ubias = 0.2 V.
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Figure 5.2.: Figure (a) shows the equivalent circuit model without Lgrid,
while ﬁgure (b) shows a comparison of amplitude attenuation
and phase shift for the equivalent circuit model without Lgrid
and the complete model which is illustrated in Figure 5.1a on
page 59.
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Figure 5.3.: Comparison of the cutoﬀ frequency derived from the small sig-
nal measurement in the dark to the simulation results.
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6. Results
DC measurements as well as AC measurements in the frequency range from
5 Hz to 500 kHz were made for a monocrystalline silicon solar cell with an
area of 8.8 cm2 in order to determine the solar cells DC and AC parameters.
From DC current-voltage measurements the diode parameters I0d,I0r and
the parasitic resistances Rs and Rsh were evaluated, using a least square ﬁt,
based on the two diode model.
Small signal AC measurements were performed in order evaluate the junc-
tion capacitance C and the diﬀerential conductance GAC of the DUT. In-
serting the diode parameters I0d and I0r into the two diode equation and
neglecting the parasitic resistances the ideal diode conductance Gd and ca-
pacitance Cd as well as the internal dynamic resistance Rd were evaluated
and used for simulations with the AC equivalent circuit model. By ﬁt-
ting the imaginary part of the small signal measurements for bias voltages
Ubias < 0V to the equation for the depletion capacitance, the built in volt-
age Ubi and the average acceptor concentration NA of the silicon wafer was
derived.
The frequency response of the DUT was analysed by introducing a sinu-
soidally modulated light with varying frequency onto the solar cell and
analysing the amplitude attenuation and phase shift of the response signal.
In order to avoid physical interpretations based on possibly unjustiﬁed as-
sumptions, the evaluated frequency response of the DUT was compared to
simulation results for the AC equivalent circuit model. It was observed that
both amplitude and phase shift do not follow the simple low-pass charac-
teristics given by a conductance in parallel with a capacitance. The rela-
tive amplitude exhibits a resonance maximum, which can bee seen using
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Rshunt = 1 Ω but is damped for Rshunt = 10 Ω. Furthermore the phase shift
exceeds the maximal value of an ideal low-pass ﬁlter given by p
2
. By compar-
ison to simulation results derived from simulations neglecting Lgrid, it can
be shown that this contribution most likely arises from the grid inductance
Lgrid.
Regardless of the experimental deviations, the frequency dependence of the
relative amplitude was used to extract the cutoﬀ- frequency of the device.
The temperature dependence of the DC parameters and C in the range of
295 K to 300 K were examined and compared to calculations based on the
two diode model.
Calculated diode capacitance Cd and diode resistance Rd as well as the eval-
uated grid inductance Lgrid together witch the DC parameters from current-
voltage measurements in the dark were inserted into the AC equivalent
model and simulation results were compared to the measurement results.
The results from simulation and the data obtained from small signal mea-
surement agree quite well for bias voltage values up to 0.2 V. The tendency
of the cutoﬀ frequency to decrease with increasing bias voltage as derived
from simulation is in agreement with the experimental results. However,
the simulation as well as calculation results shows a strong deviation from
the measured data in the forward bias regime, which is the region where
solar cells are usually operated. This deviation may be caused by an addi-
tional complex impedance that could be added by the voltage source and
experimental wiring to the circuit model.
For reverse bias conditions the discrepancy between calculation, simulation
and experimental results can be corrected by taking into account the internal
ohmic resistance Ri of the voltage source which is set to Ri = 2.82 Ω for
calculation and Ri = 1.82 Ω for simulation and is assumed to be voltage
independent.
For other photovoltaic devices it may be necessary to adapt the AC equiva-
lent circuit model and introduce additional elements accounting for Schot-
tky barriers at the metal-semiconductor transition and for surface or edge
phenomena. In Table 6.1 on page 65 the evaluated parameters for the in-
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vestigated solar cell are summarised.
The results of this thesis are published in (author?) [6].
Parameter Value
area A 8.8 cm2
acceptor concentration NA 1.27 · 1016 cm−3
built in voltage Ubi 0.73 V
electron lifetime τSCR 53µs
series resistance Rs 1.192 Ω
parallel resistance Rsh 4381 Ω
capacitance C @Ubias = 0.2V 4.88 · 10−8 Fcm−2
conductance G0 @ Ubias = 0.2V 0.00024 Scm
−2
diode resistance Rd @ Ubias = 0.2V 523.6 Ω
grid inductance Lgrid 12.7µH
cutoﬀ-frequency fRC @ Ubias = 0.2V 44.2 kHz
resonance-frequency fLC @ Ubias = 0.2V 71.2 kHz
Table 6.1.: Table of evaluated solar cell parameters measured at Rshunt =
10 Ω and T = 300 K
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7. Conclusions
In this work it has been shown that a monocrystalline silicon solar cell can
be considered as a complex electronic device composed of several DC and
AC elements. In fact a solar cell can be described as resonant circuit, formed
by a capacitor, an inductor and several internal and external resistances.
Therefore it does exhibit a complex impedance and a resonance frequency
in the range of 70 kHz-110 kHz. In the RF range, the investigated solar cell
shows a low-pass ﬁlter characteristics, attenuating AC signals which can
be introduced by a variety of internal and external sources. These can be
for instance light ﬂuctuations, vibrations and RF signal reception [2].1 The
measured cutoﬀ-frequency is in the range of 50 kHz-180 kHz dependent on
the connected external impedance. Therefore electromagnetic noise with
low frequency may be transmitted from the solar array to the power condi-
tioning units and cause further problems.
Without precautions this can lead to unwanted high levels of electromag-
netic distortion in the ambiance of a photovoltaic system.
1the last two eﬀects are research ﬁelds of other students in our research group
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A.1. Symbols
symbol name units
I current A
j current density A cm−2
Idark dark current A
Is reverse saturation current A
js reverse saturation current density A cm
−2
Id diﬀusion current A
Ir recombination current A
Id0 diﬀusion saturation current A
Ir0 recombination saturation current A
Iph photocurrent A
Iout output current at an AC ﬁlter A
Iin applied current at an RC ﬁlter A
U voltage V
Ubi built in voltage V
Ubias bias voltage V
UT thermal voltage V
UAC AC voltage V
m diode factor
n electron concentration cm−3
ni intrinsic carrier concentration cm
−3
n0 intrinsic electron concentration cm
−3
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p0 intrinsic hole concentration cm
−3
p hole concentration cm−3
Nc conduction band density of states cm
−3
Nv valence band density of states cm
−3
Eg band gap energy eV
Eγ photon energy eV
λ wavelength nm
T temperature K
NA concentration of acceptors cm
−3
ND concentration of donors cm
−3
P power W
Pmax maximal power W
Ps power from solar irradiation W
Pout output power W
Pin input power W
ρ electrical resistivity Ω ·m
σ electrical conductivity S ·m
µn electron mobility m
2 · V · s−1
µp hole mobility m
2 · V · s−1
R electrical resistance Ω
Rs series resistance Ω
rs normalised series resistance Ωcm
−2
Rsh parallel resistance Ω
rsh normalised parallel resistance Ωcm
−2
Rd internal dynamic resistance Ω
RD external dynamic resistance Ω
Rtot total resistance Ω
Z electrical impedance Ω
Y electrical admittance S
G0 diﬀerential conductance S
Gd diode conductance S
X electrical reactance Ω
XC capacitive reactance Ω
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XL inductive reactance Ω
B electrical susceptance S
C capacitance F
Cd diode capacitance F
Cdepl depletion capacitance F
Cdiff diﬀusion capacitance F
L inductance H
Lgrid grid inductance H
ϕ phase shift of the impedance rad
φ phase shift rad
GP power gain dB
GU voltage gain dB
ω angular frequency Hz
ωLC angular resonance frequency Hz
of a parallel LC circuit
f frequency Hz
fLC undamped resonance frequency Hz
of a parallel circuit
fLCR damped resonance frequency Hz
of a parallel circuit
fRC cutoﬀ frequency of a lowpass ﬁlter Hz
t time s
τ time constant s
τSCR electron lifetime in the SCR s
 permittivity F/m
r relative permittivity
A area of surface cm2
d separation distance of a plate capacitor cm
wSCR width of the SCR
i imaginary unit
η power conversion eﬃciency
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A.2. Constants
symbol name value units
q elementary charge 1.602176487 · 10−19 C
kB Boltzmann constant 1.3806504 · 10−23 J/K
0 permittivity of free space 8.854187817 · 10−12 F/m
h Planck constant 6.62606896 · 10−34 J · s
~ reduced Planck constant 1.054571628·10−34 J · s
c speed of light in vacuum 299792458 ms−1
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C. Abstract - English
In the past few years photovoltaics (PV) has developed from an expensive,
curious product, only used for space applications, to an important power
generating technology. Though contributing yet only a tiny fraction of the
total global power-generating capacity, PV is the fastest growing power-
generation technology worldwide.
Beside the desired eﬀect of harvesting energy from the sun, the large areas
covered with electronic devices may generate and absorb electric signals.
Although a photovoltaic power generator in principle is a DC current source,
it can be said that the AC behaviour of these systems is existent but has
not been fully investigated yet. The rapid growth of installed PV systems
therefore could become an additional source of electromagnetic distortion
accounting to the total RF pollution of our environment.
The aim of this thesis is the investigation of the AC parameters of a monocrys-
talline silicon solar cell in the low frequency range. Therefore three sets of
measurements were carried out to experimentally determine the complex
impedance of a monochrystalline silicon solar cell under various conditions.
Experimental data, calculations and simulation results are compared and
deviations are discussed.
In this work it has been shown that a monocrystalline silicon solar cell
can be considered as a complex electronic device composed of several DC
and AC elements. It does exhibit a complex impedance and a resonance
frequency in the range of 70 kHz-110 kHz can be derived. In the RF range,
the investigated solar cell shows a low-pass ﬁlter characteristics, attenuating
high-frequency AC signals which can be introduced by a variety of internal
and external sources.
79

D. Abstract - German
In den letzten Jahren hat sich die Photovoltaik von zu einer wichtigen Tech-
nologie zur Stromerzeugung entwickelt. Obwohl bislang nur ein Bruchteil
der gesamten Energieversorgung durch PV beigetragen wird, ist sie die am
schnellsten wachsende Technologie zur Energiegewinnung.
Neben dem gewünschten Eﬀekt der Stromerzeugung, können die großen
Flächen die mit elektrisch verbundenen Solarmodulen bedeckt sind, elek-
tromagnetische Signale absorbieren und generieren. Diese Eﬀekte sind zwar
bekannt, aber noch nicht vollständig erforscht. Die rasante Vermehrung
von installierten PV Anlagen könnte daher zu einer Quelle unerwünschter
elektromagnetischer Störungen werden und zur Belastung unserer Umwelt
beitragen.
Das Ziel dieser Diplomarbeit ist die Untersuchung der AC Parameter einer
monokristallinen Silizium Solarzelle im Niederfrequenzbereich. Es wurden
drei Messungen an einer Solarzelle durchgeführt und die komplexe Impedanz
unter verschiedenen Bedingungen untersucht. Experimentelle Ergebnisse
wurden mit Berechnungen sowie Simulationen verglichen, auftretende Un-
terschiede diskutiert.
Es wurde gezeigt, dass monokristalline Silizium Solarzellen als komplexe
elektronische Schaltungen, die aus verschiedenen DC und AC Elementen
aufgebaut sind, betrachtet werden können. Sie weisen eine komplexe
Impedanz auf, es kann daher eine Resonanzfrequenz im Bereich von 70 kHz-
110 kHz abgeleitet werden. Im RF Bereich weist die untersuchte Solarzelle
eine Tiefpass-Charakteristik auf, welche hochfrequente Signale, die durch
eine Vielzahl von internen und externen Quellen zugetragen werden kön-
nen, abschwächt.
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